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and mitochondria of higher plants. The function of these proteins is so far unclear. The mitochon-
drial proteins share sequence similarities with mitochondrial Hsp70 escort proteins (HEP) from Sac-
charomyces cerevisiae (HEP1) and human. Expression of the mitochondrial ZR protein from
Arabidopsis, ZR3, rescued a hep1 knockout mutant from yeast. Accordingly, ZR3 was found to phys-
ically interact with mitochondrial Hsp70 from Arabidopsis. Our ﬁndings support the idea that mito-
chondrial and plastidic ZR proteins from higher plants are orthologs of HEP proteins.
Structured summary of protein interactions:
ZR3 physically interacts with mtHSC70-2 by pull down (View interaction)
ZR3 physically interacts with mtHSC70-1 by pull down (View interaction)
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Mitochondria and chloroplasts are specialized organelles
evolved from bacterial endosymbionts. Both organelles possess
remnant genomes with a low number of genes. During evolution,
most of the genes originating from the prokaryotic predecessors
of the organelles have been transferred to the nucleus. Most plas-
tidial and mitochondrial proteins are hence encoded by the nu-
cleus and need to be synthesized at 80S ribosomes in the cytosol.
Biogenesis and maintenance of both organelles requires extensive
import of proteins and folding of the imported proteins [1–3]. Due
to their ancient origin and their crucial function in metabolic path-
ways numerous organellar proteins were well conserved during
evolution [4]. Despite that, the biological functions of many organ-
ellar proteins still need to be elucidated. Such proteins include the
Zinc Ribbon (ZR) family from vascular plants which consists of
small plastid localized proteins of approximately 12 to 15 kDa
[5]. ZR proteins are typically encoded by single copy genes and
are characterized by conserved putative C-terminal zinc bindingchemical Societies. Published by E
protein; mtHSP70, mitochon-
ED1; TAC, transcriptionally
unit II; TAF10, Transcription
R. Lorbiecke).motifs of the C4 type that were predicted to fold like a zinc ribbon
(here referred to as ‘ZR domain’). So far, only ETCHED1 (ET1), a
plastid localized ZR protein from maize, was studied in detail.
ET1 was cloned by transposon mediated forward genetics [5].
The etched1 (et1) mutant was shown to have impaired or delayed
chloroplast biogenesis manifested by a reduced plastid transcrip-
tion rate and a pleiotropic mutant phenotype with a pitted endo-
sperm and virescent seedlings. ET1 was immunodetected in the
transcriptionally active chromosome (TAC) fraction of chloroplasts
and was therefore presumed to act in processes associated with the
plastid transcription machinery [5]. Accordingly, the sequence of
ET1 was found to be moderately related to the zinc ribbon contain-
ing eukaryotic transcription elongation factor TFIIS [5,6].
In this report we show that the evolutionary conserved ZR1
family from higher plants is related not only to other plastidial
but also to mitochondrial ZR proteins. The mitochondrial members
of the plant ZR protein family, e.g., ZR3 from Arabidopsis thaliana,
display sequence similarities to HSP70 escort proteins (HEP) from
yeast (HEP1, Saccharomyces cerevisiae), and human [7–10].
To further elucidate the function of plant ZR proteins, we fo-
cussed our experiments in the current study on the mitochondrial
ZR3 protein from Arabidopsis. We show that a yeast hep1 mutant
can be functionally complemented by expression of the Arabidopsis
ZR3 protein. Thus, our data suggest ZR3 to be the ﬁrst experimen-
tally conﬁrmed ortholog of HEP1 in vascular plants.lsevier B.V. All rights reserved.
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For this study, comparison of ZR sequences was achieved by
using neighbor-joining bootstrap analysis. ORFs of Arabidopsis ZR
proteins were obtained by RT-PCR and subcloned to generate bin-
ary GFP constructs, or constructs for protein expression in E. coli or
yeast, respectively. Expression and isolation of recombinant pro-
teins for in vitro pulldown assays were performed according to
manufacturer instructions.
For functional complementation of yeast HEP1 the deletion
strain FY1679–11a Dhep1 (herein further referred to as Dhep1)
and the corresponding wild type FY1679-11a (Euroscarf, Germany)
were used. Details of Materials and Methods can be found in
Supplementary data.3. Results and discussion
3.1. Phylogenetic analyses of the ZR protein family
Apart from our previous study on the plastid protein ET1 from
maize, hitherto no further experimental data exist about ZR pro-
teins from vascular plants. To further clarify the role of ZR proteins
we studied the phylogenetic relationships among ZR protein family
members in detail. We retrieved 180 ZR-like sequences from
approximately 170 eukaryotic species focusing on organisms with
extensively sequenced genomes. Taking advantage of the enlarge-
ment of sequence databases with time it became obvious that ZR-
like proteins are not restricted to plant plastids but also occur in
mitochondria of plants, animals, fungi and various protists. How-
ever, no ZR-homologous sequences were found in prokaryotes
(Fig. 1A; for full data set see Supplementary Fig. 1 and Table 1).
Our previous study showed that ET1 from maize and its homo-
log ZR1 from Arabidopsis display some sequence similarities to ZR
domains of various eukaryotic proteins, e.g., TFIIS/SII-type tran-
scription elongation factors and the subunit 9 (RPB9) of RNA poly-
merase II [5,6,11]. However, amino acid similarity was restricted to
few conserved residues in the C4-type ZR domain. Due to the in-
creased availability of ZR-like sequences, we now observed more
signiﬁcant sequence similarities between ZR proteins and HSP70
escort proteins (HEP) from yeast (Saccharomyces cerevisiae), Chla-
mydomonas reinhardtii, and human [7–10,12]. Both, ZR and HEP
proteins harbor the characteristic C-terminal C4-type ZR domain
(Pfam: zf-dnl), though the sequences at the N-termini are highly
variable (Fig. 1C).
HEP proteins were described to mediate the solubility and
activity of mitochondrial HSP70 proteins [8,10,13,14]. The human
HEP protein (also known as DNLZ) was reported to stimulate the
ATPase activity of the mitochondrial HSP70 protein HSPA [8,13].
hep1 mutant strains from yeast are either lethal or display severe
growth defects, i.e. inhibition of mitochondrial protein import
and aggregation of HSP70s in the mitochondrial matrix [13,15].
Biological importance of yeast HEP1 (also known as ZIM17/
TIM15) is further highlighted by the recent observation that loss
of HEP1 results in an extreme hyperrecombinant phenotype
caused by severe genomic instability due to insufﬁcient biosynthe-
sis of mitochondrial iron-sulfur clusters [9].
Based on their amino acid similarities ZR and HEP proteins can
be put into a protein family that consists of ﬁve subgroups. Repre-
sentative members of each subgroup are shown in Fig. 1A. The tax-
onomic hierarchy of organisms is well reﬂected by the degree of
similarity between the respective ZR or HEP proteins in each sub-
group (Fig. 1A and Supplementary Fig. 1). Whereas proteins within
the same subgroup share conserved sequences, the similarities be-
tween sequences of different subgroups are restricted to the ZR
domain.Land plants (embryophytes) usually possess three types of ZR
proteins: Two types are predicted to be localized in plastids and
are represented by the ZR1- and the ZR2 subgroups, with ET1 from
maize being of the ZR1-type. Proteins of the ZR2 subgroup differ
from those of all other subgroups by possessing a unique but
conserved protein domain (ProDom Family PD555678) localized
upstream of the ZR motif (‘PD’ in Fig. 1C, and Supplementary
Fig. 2). Proteins of the ZR3 subgroup are predicted to be targeted
to mitochondria. We experimentally conﬁrmed the predicted
localizations for Arabidopsis ZR1 and ZR2 in plastids and the mito-
chondrial localization of Arabidopsis ZR3 by transient expression of
GFP fusion constructs in Arabidopsis leaf cells and epidermal cells
from spring onion, respectively. Whereas ZR1:GFP was equally
distributed inside the plastids, ZR2:GFP always had a grainy
appearance. (Fig. 1B).
Of the plastidic ZR proteins no members were found in the
available data sets of brown algae, dinoﬂagellates, glaucophytes,
and red algae. However, unicellular green algae such as Chlamydo-
monas reinhardtii and the pico-eukaryots Ostreococcus tauri and O.
lucimarinus possess single plastidic ZR/HEP-like proteins which
cluster neither into the ZR1 nor the ZR2 subgroup from embryo-
phytes. These distantly-related proteins build a different subgroup
in the phylogenetic tree that we designated HEP2 reminiscent to
the previously described subgroup member from C. reinhardtii
[12]. Amino acid identities between HEP2 from C. reinhardtii and
ZR1/ZR2 proteins from land plants range between 15% and 19%.
Like mitochondrial HEP1 from yeast, HEP2 binds to the respective
plastidic heat shock protein HSP70B from C. reinhardtii [12]. The
authors suggested that HEP2 might be required for de novo folding
of HSP70B after cleavage of the transit peptides of imported
proteins.
Our ﬁndings suggest that plastid localized ZR-like proteins are a
speciﬁc acquirement of land plants and green algae, with green al-
gae encoding single proteins of the HEP2-type, and higher plants
and mosses evolving two different types of plastidic ZR proteins,
i.e., the ZR1- and the ZR2-type.
Strongest similarities of plant mitochondrial ZR3 proteins were
observed to members of the mitochondrial HEP subgroup which
encompasses HEP1 from yeast, HEP from human, and putative
HEP-like proteins from animals. Plant mitochondrial ZR3 proteins
can hence be speculated to be HEP1 counterparts in the plant
kingdom.
Due to their occurrence in phylogenetically diverse groups of
organisms, the members of the ZR/HEP protein family are likely
to participate in elementary biological processes in mitochondria
and plastids. The observed protein similarities between the amino
acid sequences of ZR3 and HEP proteins suggest that the mitochon-
drial ZR3 and perhaps plastidial ZR1 and ZR2 proteins are land
plant analogs of HSP70 interactor proteins, e.g., HEP1 from yeast
and HEP2 from C. reinhardtii.
In an initial approach to address this question we investigated
whether the mitochondrial protein ZR3 from Arabidopsis and mito-
chondrial HEP1 from yeast possess comparable functions at the
molecular level, although amino acid identity between both ma-
ture proteins is only 24% (Fig. 2).3.2. Arabidopsis ZR3 physically interacts with mitochondrial HSP70
Mitochondrial HSP70 (SSC1) and HEP1 from yeast were shown
to be speciﬁc in vitro interactors [15,16]. To test whether ZR3 from
Arabidopsis binds to mitochondrial HSP70 we performed co-precip-
itation assays with the respective HSP70 proteins. The Arabidopsis
HSP70 gene family consists of at least 12 members [17]. Two of
these, mtHsc70-1 (TAIR AT4G37910) and mtHsc70–2 (TAIR:
AT5G09590), encode proteins that are predicted to be targeted to
Fig. 1. Phylogeny, subcellular localization and schematic structure of ZR/HEP-proteins. (A) Phylogenetic tree of 67 ZR/HEP-family members, including all identiﬁed full-length
sequences from vascular plants and representative sequences from algae, animals and fungi. Amino acid core sequences which are predicted to belong to the mature proteins
were aligned with ClustalW and a phylogenetic tree was constructed with MEGA5 using 1000 neighbor-joining bootstrap replications (see Supplementary Table 1 and Fig. 2
for sequence details and accession numbers). The bar indicates 0.05 amino acid residue replacements. Ath: Arabidopsis thaliana, Bbr: Botryococcus braunii, Bra: Brassica rapa,
Chl: Chlorella sp. NC64A, Cre: Chlamydomonas reinhardtii, Csu: Coccomyxa subellipsoidea, Dme: Drosophila melanogaster, Gma: Glycine max, Han: Helianthus annuus, Hsa: Homo
sapiens, Hvu: Hordeum vulgare, Mmu: Mus musculus, Nta: Nicotiana tabacum, Mpu: Micromonas pusilla, Mtr: Medicago truncatula, Olu: Ostreococcus lucimarinus, Osj: Oryza sativa
subsp. japonica,, Ota: Ostreococcus tauri, Ppa: Physcomitrella patens, Psi: Picea sitchensis, Pta: Pinus taeda, Ptr: Populus trichocarpa, Sce: Saccharomyces cerevisiae, Sly: Solanum
lycopersicum, Smo: Selaginella moellendorfﬁi, Tae: Triticum aestivum, Vvi:Vitis vinifera, Zma: Zea mays. (B) Subcellular localization analysis of Arabidopsis ZR1:GFP, ZR2:GFP and
ZR3:GFP fusion proteins in Arabidopsis leaf cells (column 1 to 3). ZR3:GFP localization was also studied in onion epidermal cells (column 4 to 6). Scale bar = 10 lm. GFP
ﬂuorescence (GFP, column 1 and 4) and chlorophyll autoﬂuorescence (Chl, column 2), and MitoTracker ﬂuorescence (column 5) were examined by ﬂuorescent microscopy.
Column 3 and 6, merge of GFP and ﬂuorescence images. For ZR2:GFP, monitoring of chlorophyll autoﬂuorescence was combined with bright ﬁeld imaging (+BF) in order to
enhance the contrast of plastids. (C) Schematic structure of ZR1, ZR2, ZR3 and HEP2 proteins. Putative chloroplast (cp) and mitochondrial (mt) transit peptides are depicted as
light grey boxes. Zinc ribbon (ZR) domains are underlayed in grey and conserved cysteine residues are marked (c). A conserved protein domain (ProDom Family PD555678)
which is unique to members of the ZR2 group is indicated as ‘PD’.
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Fig. 3. Interaction of Arabidopsis ZR3 and mitochondrial Hsp70. Afﬁnity-tagged
proteins were either expressed separately (A and D) or co-expressed (C) in E. coli.
Soluble fractions (‘Input’) of bacterial lysates from respective E. coli strains were
either mixed (A and D) or used directly (C) for co-puriﬁcation. Input fractions were
incubated with strep-tactin Sepharose and washed several times. 10% of each input
fraction and the afﬁnity-puriﬁed proteins (‘Pulldown’) were separated by SDS–
PAGE and analyzed by immunoblot with a-STREP and a-HIS antibodies (A, C and D).
(A) Pulldown experiment of mtHSC70–1:HIS with ZR3:STREP. (B) Total and soluble
protein fractions of an E. coli strain over-expressing mtHSC70–2:HIS were isolated
4 h and 20 h after IPTG induction. Proteins were separated by SDS–PAGE and
analyzed by immunoblot with an a-HIS antibody. (C) Pulldown experiment of
mtHSC70-2:HIS with ZR3:STREP from the soluble fraction of an E. coli strain co-
expressing both proteins. (D) Pulldown experiment of plastidial chaperones
cpHSC70–1:HIS, cpHSC70–2:HIS with ZR3-STREP. Both proteins did not co-purify
with ZR3:STREP.
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both proteins is 89%.
When HIS-tagged mtHSC70-1 and mtHSC70-2, respectively,
and STREP-tagged ZR3 were individually expressed in E. coli cells,
mtHSC70-1 could be shown to interact with ZR3 in a pulldown
experiment with mixed soluble protein extracts (Fig. 3A). On the
contrary, mtHSC70-2 was hardly found in the soluble E. coli protein
fraction (Fig. 3B) and did not co-purify with ZR3 (data not shown).
Since studies in yeast have shown that HEP1 promotes HSP70 sol-
ubility in vivo, we co-expressed mtHSC70-2 and ZR3 in E. coli. As
shown in Fig. 3C (‘Input’), solubility of mtHSC70-2 was signiﬁ-
cantly increased after co-expression with ZR3. Moreover,
mtHSC70-2 could be co-precipitated with ZR3 from the soluble
protein fraction under these conditions.
For comparison we examined the interaction of ZR3 with the
two different cpHSC70–1 and cpHSC70–2 found in the plastid stro-
ma. Both proteins are soluble after heterologous expression in
E. coli and display in vitro ATPase activity [18,19]. cpHSC70 and
mtHSC70 proteins share sequence similarities of 63%. In contrast
to mtHSC70 proteins, both HIS-tagged plastidial HSC70 proteins
did not co-precipitate with ZR3 from mixed soluble protein ex-
tracts after individual expression in E. coli cells (Fig. 3C). In sum-
mary, our results indicate that ZR3 speciﬁcally interacts with
both mtHSC70 proteins in vitro. Furthermore, our data suggest,
that ZR3 promotes mtHSP70 solubility.
3.3. Arabidopsis ZR3 complements the mutant phenotype of a hep1
yeast strain
To study whether Arabidopsis ZR3 and yeast HEP1 (YNL310C;
GenBank ID: AAS56692) fulﬁll similar functions in vivo, we tried
to rescue a temperature sensitive hep1 mutant from the Euroscarf
collection (Dhep1) by ZR3 expression. As a prerequisite of Dhep1
complementation by Arabidopsis ZR3 we demonstrated proper im-
port of the plant precursor protein into yeast mitochondria by GFP
fusion studies (Fig. 4A).
The hep1 mutant strain used in this study is among others that
are able to grow slowly at 28 C on fermentable medium but are
inviable at 37 C and on non-fermentative medium (Fig. 4D)
[7,13,15,16]. Lethality of hep1 mutant strains is apparently caused
by secondary defects acquired by these strains as a consequence of
HEP1 inactivation [15]. The pleiotropic defects in mitochondria,
e.g. inhibition of protein import and defective biogenesis of Fe/S
proteins, lead to an altered mitochondrial morphology and a loss
of mitochondrial DNA (Fig. 4B and C) [15]. Hence, simple genetic
complementation of the Dhep1 mutant strain was not possible
(data not shown). To overcome this obstacle we reintroduced in-
tact mitochondria into the Dhep1 strain by mating with a wild
type. Proteins that were analyzed for Dhep1 complementation
were expressed in parallel to the mating procedure. After sporula-
tion, resulting haploid colonies were assayed for the presence ofFig. 2. Sequence alignment of Arabidopsis ZR3 and its yeast homolog HEP1. Amino acid se
in black and grey, respectively. Arrows mark conserved cysteine residues in the ZR domthe genomic Dhep1 allele, the plasmid-encoded gene, mitochon-
drial DNA, and the phenotype. The usability of this strategy was
conﬁrmed by showing that the Dhep1 mutant is completely res-
cued by expression of a plasmid-encoded native HEP1 (Dhep1
pHep1; Fig. 4B–D).quences were aligned with Genedoc [25]. Identical or similar amino acids are shaded
ain. Putative transit peptides are highlighted in grey.
Fig. 4. Functional complementation of a yeast hep1 mutant with Arabidopsis
ZR3. (A) Subcellular localization of GFP fused to the transit peptide of either
HEP1 (pHep1:GFP) or ZR3 (pAtZR3:GFP) in wild type yeast (column 1). Yeast
strains expressing either pHEP1:GFP or pATZR3:GFP werde simultaneously
stained with MitoTracker Red (column 2). The GFP and MitoTracker images
were merged to show the colocalization of the GFP signal and mitochondria
(column 3). Column 4, DIC images. (B) DAPI staining of nuclear and mitochon-
drial DNA in WT, Dhep1, and Dhep1 strains expressing HEP1 (Dhep1 + pHep1)
or ZR3 (Dhep1 + pAtZR3). (C) Genotypic proﬁling of yeast strains shown in (B).
PCR was carried out with primer pairs speciﬁc for: wild type allele of Hep1
(Hep1), mutant allele of Hep1 (Dhep1), a mitochondrial marker gene (COX2), a
nuclear reference gene (TAF10), a plasmid construct encoding HEP1 (pHep1),
and a plasmid construct encoding ZR3 (pZAtR3). (D) Dilution series of yeast
Dhep1 strains carrying pHep1, pAtZR3 or the empty vector pEmpty, and the
corresponding wild type yeast strain (WT) carrying pEmpty. Yeast strains were
grown on SD-leu for 5 days (glucose) to 6 days (glycerol) at 28 C and 37 C.
Bars in (A) and (B) = 5 lm.
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(Dhep1 pAtZR3; Fig. 4D), resulting strains were indistinguishable
from the wild type, or the Dhep1 pHep1 control. Phenotype and
presence of mitochondrial DNA were found to be stably inherited
over consecutive cycles of restreaking under non-permissive con-
ditions (Fig. 4B and C).
In contrast, Dhep1 cells lost their mitochondrial DNA rapidly
after sporulation when they were transformed with only the
empty plasmid (Dhep1 pEmpty; Fig. 4B and C). Accordingly, lethal-
ity of these cells was high under non-permissive growth conditions
and increased further during cultivation time (Fig. 4D). Similar
observations were reported for the hep1 mutant strain Zim17-2
after this strain was shifted to a non-permissive temperature for
the ﬁrst time [15].
In summary, our results indicate that expression of Arabidopsis
ZR3 is sufﬁcient to reconstitute the biological function of HEP1 in
the yeast Dhep1 mutant.
4. Conclusions
Phylogenetic data suggest that ZR, HEP2, and HEP proteins are
related to each other and form a common family of organellar pro-
teins, although the sequence similarities between the ﬁve sub-
groups of the family are rather low. A presumed functional
conservation of the family members is supported by full comple-
mentation of yeast hep1 mutant strains with ZR3 from Arabidopsis
(this study), and partial complementation with human HEP/DNLZ,
respectively [8,14]. Additionally, HEP1 from yeast, ZR3 from Arabid-
opsis, HEP from human, and plastidial HEP2 from C. reinhardtiiwere
demonstrated to interact biochemically with the respective organ-
ellar Hsp70 chaperones [12,15,16,20], and this study]. Because
HSP70 proteins are already found in prokaryotes whereas ZR- and
HEP-like proteins seem to be absent in these organisms, it can be
speculated that ZR/HEP proteins evolved as a consequence of endo-
symbiosis. The available phylogenetic dataset suggests that plastid-
ial ZR proteins are likely absent in red algae and glaucophytes. In
both of these groups cpHSC70 genes seem to be still encoded by
the plastome [23], and own database search]. This ﬁnding supports
the hypothesis of Willmund et al. [12] who suggested that ZR/HEP
proteins might have evolved in parallel with the nuclear transfer of
the originally plastid encoded HSP70 genes in order to enable prop-
er refolding of HSP70 after transit peptide cleavage. Accordingly, we
did not ﬁnd putative ZR proteins in brown algae and dinoﬂageel-
lates which are organisms that are assumed to have received their
plastids by secondary endosymbiosis of red algae [24].
Interestingly, the sequences of HSP70 proteins are highly con-
served in endosymbiontic organelles, whereas the sequences of
ZR/HEP proteins are rather diverse. This is in line with other co-
chaperones of organellar HSP70 proteins, e.g. members of the DNAJ
or GrpE/Cge1/Mge1 families. Proteins of each family possess similar
biochemical functions with respect to HSP70 but sequence diver-
sity seemed to result in subfunctionalization and addition of species
speciﬁc novelties to the basic HSP70 chaperone activity [21,22].
Although the molecular mechanism underlying ZR/HEP protein
function is still unclear, the available data give evidence that the
biological functions of these proteins are tighly linked to the func-
tions of organellar HSP70 chaperones. We are currently investigat-
ing whether the same holds true for proteins of the ZR1 and ZR2
subgroup of higher plant plastids.
Appendix Supplementary. data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2012.07.
052.
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